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Abstract: In the Brazilian semi arid region, a combination between human activities and
climatic factors produces an increase in the ecosystem susceptibility to soil erosion. In this
study, runoff and soil erosion processes due to natural rainstorm events on a 0.025 ha
undisturbed experimental plot is analyzed. The site was instrumented to monitor rainfall,
overland flow, runoff and erosion. Automatic devices were installed to monitor rainfall and
the level of a 5 m3 tank at a 1-minute time step. The sediment transported by the flow was
collected after each event. Plot average slope is 2.5%, vegetated of both permanent and
annual plants, composed by a combination of xerophytes shrubs, brushes and grass species,
whose patterns change with growing season as a result of its natural development
dynamics. It was observed that runoff and soil erosion was controlled by rainfall pattern,
antecedent soil moisture and vegetation. Also, vegetation height and density is influenced
by soil structure and faunal activity, increasing both soil storage capacity and surface
roughness. Wetting up period data (February 13 to April 25/2007) showed that runoff
generation is the result of a non-linear interdependency of rainfall pattern, soil wetness
condition and vegetation characteristics. Runoff coefficients less than 0.1 occurred at
approximately 82 per cent of the observed events. Moreover, a positive feedback was
observed involving vegetative species dynamics, soil properties and faunal activity
producing annual plants regeneration. Also, annual plants distribution within the plot
seemed to be controlled by permanent trees canopy, where density was higher. Finally, it
was obtained an empirical relationship between short-term sediment production and
rainstorm amount valid for 2006-2007 wetting up period individual rainstorm events.
Hence, this approach has provided a continuous record of rainfall-runoff-sediment
production field monitoring data which can be used to analyze hydrologic and vegetative
dynamics at plot scale. Also, it highlights the role of vegetative cover as a controlling factor
on erosion protection management.
Keywords: Semiarid, Undisturbed plot, Erosion, Runoff.
1.

INTRODUCTION

Native vegetation in the Brazilian semi arid region has been reduced due to inadequate
grazing activities and woodland removal for domestic use and ceramic industries. In upland
areas, natural vegetation can be considered as the main controlling factor on runoff
generation and soil erosion, which confirms previous studies (Kosmas et al., 1997; Nicolau
et al., 1996; Bergkamp, 1998). Conversely, extreme rainstorm events in this region may
increase the susceptibility of the ecosystem to soil erosion induced by human activities
(Wainwright, 1996; Reid et al., 1998).
Historically, the lack of annual rainfall distribution uniformity has motivated the
construction of tenths of small to medium sized reservoirs used in supplying human and
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grazing demands (Cadier, 1996). Currently, there has been a need of assessing the impact of
human activities on soil degradation and the infilling of these reservoirs.
Runoff generation and soil erosion processes in semi arid environments are complex and
strongly non-linear. Field monitoring using an experimental plot allows a detailed analysis
of the mechanisms in a small area and helps to analyze small scale processes (Bracken and
Kirkby, 2005; Parsons et al., 1997). Since 1981, hydrologic field studies have been
conducted with the aim of analyze the influence of vegetation and crop management on
runoff and soil erosion processes in Brazilian semi arid region (Cadier et al., 1983; Molinier
et al., 1989; Srinivasan et al, 2003).
In general, surface runoff generation on tropical semi arid environments is the result of a
combination between rainfall-excess and saturation-excess mechanisms. Natural vegetation
dynamics during the wetting up season have an important effect on infiltration and
interception; annual species density increase enhances both soil infiltration and soil water
storage capacity. Also, litter and organic matter accumulated on soil surface both protect
against raindrop impact and increase storage water due to its strong moisture holding
capacity (Boer and Puigdefábregas, 2005).
This paper was based on fieldwork data. Obtained results were provided by continuous
record of rainfall-runoff-sediment production field monitoring data used to analyze
hydrologic and vegetative dynamics at plot scale. Also, in a context of natural resources
mismanagement it highlights the role of vegetative cover as a controlling factor on erosion
protection management. Hence, this approach analyzed runoff and soil erosion processes by
using 2006-2007 wetting up period monitoring data on an upland undisturbed
representative experimental plot established in Brazilian semi arid region.
2.

STUDY AREA

The study area is located 300 km far western from the city of Natal, state of Rio Grande do
Norte-Brazil. Plot area was established in Serra Negra do Norte experimental watershed, a
2.108 km2 monitored catchment (coordinates 6°34’42”,S; 37°15’56”,W). Further details on
the experimental watershed are shown in Moreira et al. (2006). The mean annual
temperature is approximately 28˚C. Topographic contour lines and vegetation species at the
end of the rainy season on the plot area are shown in Fig. 1. The drainage area of the SNN
experimental plot is 0.025 Ha (5 m x 50 m), and its elevation is 205 m above MSL.
Although the plot micro relief varies with the dominant flow axis, its average slope is 2.5%.
Natural vegetation features such as height and density increased dynamically as a function
of time approximately ten days after the beginning of the wetting up period.
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Figure 1. Study area and plot configuration, topographic contour lines, vegetative species.
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In contrast with the beginning of the wetting up period, the plot was largely vegetated with
annual plants, indicating the influence of rainfall regime, soil moisture and the presence of
a large soil seed bank available to promote germination. At the end of the rainy period,
approximately 96% of the canopy cover was composed by a combination of xerophytes
shrubs, brushes and grass species, the most representative being Mimosa tenviflora, Cróton
moritibensis, Aristida adscensionu L. and Hyptis suaveolens. Vegetation patterns changed
with growing season as a result of its natural development dynamics. During the drought
period, vegetation is prone to local collapses due to a combination of both long dryness
spells and high evapotranspiration. The end of the drought season coincides with a high
water stress level, and permanent species, Mimosa tenviflora, cover approximately 20% of
the soil surface, the remainder covered with accumulated litter (seeds, leaves and wood).
The soils in the SNN plot site are well drained, compacted and shallow, with depth varying
from 0 to 140 cm, poorly sorted bimodal chromic luvisoils (fine and coarse modes present
in the bulk sample), with approximately 20% rock and gravels at surface cover. Eleven soil
samples were collected from the top 10 cm and taken to the laboratory for size distribution
analysis. Soil texture is gravelly sandy loam with approximately 15.6% gravel, 52.2% sand,
26% silt and 7.2% clay. Organic matter and litter accumulates on soil surface as a result of
an intense vegetation biological dynamics. The average annual rainfall over the past 11
years (1995-2005) is 689 mm. Precipitation is highly variable from year to year in the area.
Approximately 52 per cent of the precipitation is high intensity thunderstorms of limited
area extent. A previous study has shown the influence of high spatiotemporal rainfall
heterogeneity on runoff in the watershed area (Moreira et al., 2006). Monthly rainfall shows
considerable variation during the rainy season, especially in the period January-May. Daily
rainfall data statistical analysis revealed that approximately 25% of the annual depth occurs
during the maximum daily precipitation, which may give rise to erosion processes of high
magnitude.
3.

FIELD RUNOFF AND EROSION MONITORING

The experimental plot was defined considering representative mosaic areas within the
catchment. It was established by a 0.2 m high surrounding cement wall. A fence was
installed surrounding the plot for protection from grazing activity. At the plot downstream
end, a 5 m3 volumetric tank was built to monitor water and sediment discharge and organic
matter for each storm event. A sediment trap structure, dimensions 0.15 m x 0.15 m x 2 m
(wide-depth-length) was built at the tank bottom, where an inclined surface promotes
sedimentation during the storm event. Tank water level during the storm was monitored by
using a water level logger (OTT Thalimedes) adapted into a 150 cm high PVC tube of 6”
diameter, which recorded water level data at 1-minute interval. A rainfall automatic
recorder (Scientific Campbell) was installed adjacent to the plot. Rainfall data were
recorded at 5 and 1-minute intervals on 2006 and 2007 respectively. During the rainy
period, the tank was emptied manually after each storm by using a portable pump, when all
the sediment and particulate organic matter was collected and taken to the laboratory,
where sediment was dried, weighted and sampled for grain size analysis. Also, organic
matter was dried, weighted, identified and biologically classified. For each storm event,
runoff was obtained by applying hydrologic budget including runoff, rainfall and the tank
water level variation during the storm. Topography surface survey was performed on
regular grid of 200 points by using an electronic GPS device.
4.

EMPIRICAL OBSERVATIONS

Tropical semiarid regions are strongly influenced by rainfall distribution and soil water
availability. Rainfall controls biological activity, such as seed germination and vegetative
regeneration. On the beginning of the wetting up period (approximately 15 days), sheet
erosion prevails and controls topsoil particles detachment caused by rainstorm. Located at
the bottom of a hillslope, plot area is characterized by a high proportion of stoniness and
bare soil areas. Overland flow down the hillslope washes the topsoil. A mixture of water
and solid particles, including insects, seeds and foliage is produced. Although a
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considerable seed bank proportion has been washed by the sheet flow, native annual plants
germination after a sequence of rainfall events was widespread. Field observations revealed
an accelerated increase of annual plants density as a function of time. This pattern was
probably caused by differences in seed germination and topsoil moisture maintenance.
Furthermore, it was observed the establishment of annual plants communities, as can be
seen in Figure 1. Indeed, it helps to explain the patterns of vegetation spatial distribution.
Also, vegetation and biological activity enhanced topsoil water storage capacity through a
positive feedback. Therefore, increase on vegetation density caused a considerable decrease
of overland flow and sediment production, which confirms previous studies (Ludwig et al.,
2005). Fig. 2 shows observed hydrographs of four events on plot area. Generally, they have
steep rising and recession limbs, with more than one peak values. Hydrograph behavior is
the result of a combination of factors such as storm characteristics, previous rainfall, soil
wetness and vegetation cover (Kidron and Yair, 1997). It can be seen on 14 February 2007
hydrograph a pulsating behavior with a quick response. Although rainfall was moderate,
soil runoff reflected the previous rainfall height of 101 mm. On 19 February 2007
hydrograph values reflect both previous 3 days rainfall height of 102 mm and rainfall
pattern.
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Figure 2. Observed hydrographs of four different rainstorm events on plot area.
Figure 2(b) shows that although rainfall event maintained after peak discharge, recession
limb decreased rapidly. On Figures 2(c) and 2(d), short duration and high magnitude events
produced hydrographs with steep rising limbs and recession limbs of longer duration. A
combination of rainfall patterns, antecedent soil moisture and vegetation control runoff and
soil erosion (Kidron and Yair, 1997). The occurrence of a considerable increase on soil
moisture between high magnitude events on 11-12 March 2007 was reflected on
hydrograph behavior. Rainstorm intensity exceeded soil infiltration capacity in some less
permeable areas, resulting in depressions filling and progressive overflowing to adjacent
depressions. For these events, a fully connected overland flow over a saturated surface
probably minimized surface micro-relief effect (Darboux et al., 2001). Figure 3 shows two
photographs that reveal the difference on plot characteristics during the drought and the
rainy seasons. The first one was taken on 03 February and the other one on 28 June 2007.
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Figure 3. Plot characteristics during the drought (a) and the rainy (b) seasons.
5.

RUNOFF GENERATION MECHANISMS
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Runoff generation in semiarid areas is a process influenced by a non-linear and complex
interdependency between rainfall patterns, soil wetness condition and vegetation
characteristics (Beven, 2002). Runoff coefficient, rainfall height and maximum rainstorm
intensity behavior as a function of time is shown on the graph of Fig. 3 for the wetting up
period between 13 February and 25 April 2007. It can be observed that approximately 82
per cent of the rainfall events produced flow rate values less than 0.1. The remaining flow
rate values, which varied between 0.16-0.28, were influenced by a combination of a
sequence of antecedent rainfall events and high intensities. The highest flow rate value 0.49
was observed on 12 March and is the result of a 3-days sequence of high intensity rainfall
events, and was probably due to a considerable increase on soil wetness. It was observed
that although only 26 per cent of the rainfall events were higher than 20 mm, maximum
rainfall intensities varied within a broader range. Moreover, most of the rainfall events
occurred during the first 10-days period, with heights varying between 29-101 mm. It was
observed a sequence of flow rate values less than 0.05 after 12 March. From this time on,
vegetation and biological activity were the main controlling factors on runoff generation
and sediment production. Flow rate values reflected a positive feedback of vegetation and
infiltration on soil storage capacity. Vegetation cover protect soil surface from splash,
increase surface roughness and enhances soil structure and macroporosity. Generally, the
graph shows that runoff generation is mainly controlled by soil antecedent wetness and
vegetation characteristics.
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Figure 3. Runoff coefficient, rainstorm amount and maximum rainstorm intensity behavior
for the 2006-2007 wetting up period.
6.

INFILTRATION FIELD EXPERIMENTS

Previous studies outlined soil infiltration capacity as a factor of crucial importance on
runoff and soil erosion mechanisms. Since water stress controls seed germination and
plants regeneration, infiltration increases soil water availability for the plants. Field
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infiltration experiments were performed at 13 points randomly distributed within the study
area by using a constant head permeameter (Moreira et al., 2002). The infiltration
experiments were conducted between 3 February and 5 May 2007. Measured infiltration
rates were used to fit the Horton (1933) empirical equation, described as follows,

f (t ) = ( f o − f c ) exp{− kt} + f c

(1)

where f(t) is infiltration capacity at time t, fo is an initial infiltration rate, fc is a final
infiltration capacity and k is an empirical constant. Horton parameters were fitted for each
point within the study area and are shown on Table 1. Field infiltration results show that
final infiltration capacity fc had a great local dispersion, with a coefficient of variation of
1.2. This demonstrates the effect of spatial heterogeneity on soil hydraulic characteristics
and confirms previous studies on infiltration rates in semiarid areas. Moreover, highest
infiltration parameters were observed in areas located under the Mimosa tenviflora specie
permanent tree canopy cover. Particularly in these sites, annual plants density was high,
indicating the influence of both tree protection from radiation and soil moisture.
Nevertheless, a combination of soil properties, vegetation dynamics and faunal activity
controls runoff generation within the study area. According to Dune and Dietrich (1980),
this mechanism is applicable for semiarid conditions, where plants intercept rainstorm
through its branches and stems directly to the soil surface and canalize it to the roots.
Table 1. Horton parameters obtained from field infiltration experiments within plot area.

7.

Infiltration
Point

fc
(mm h-1)

fo
(mm h-1)

1
2
3
4
5
6
7
8
9
10
11
12
13

57
4
3
50
6
10
13
5
195
85
120
10
170

100
50
30
100
60
30
50
25
300
200
200
50
300

SOIL EROSION MECHANISMS

Sediment production in the study area showed considerable variation as a function of time.
During the drought period, radiation and high temperatures produce soil surface
degradation, which results in accumulated sediment available to transport. In fact, the first
high magnitude rainfall events 13-16 February 2007 showed that sediment production
occurred mainly as sheet erosion, which explains the existence of many large pebbles at the
soil surface. Also, high amounts of seeds and organic matter were transported by overland
flow, although it didn’t seem to affect vegetative species germination and replenishment
during the wetting up period (Gallart et al., 2002). The increase in soil water moisture
controls both annual plants germination and growth. Field observations pointed that the
increasing density of annual plants as a function of time increased infiltration and reduced
both runoff and sediment yield. Runoff and sediment are intercepted by these patchy plants
as it comes from upland areas. Organic matter was made up of washed seeds, leaves, faunal
microbiotic and small roots. Once the first high magnitude rainfall events have occurred
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and annual plants seeds germinated, sediment production and organic matter decreased
considerably. An empirical relationship between sediment production and rainstorm
amount was statistically adjusted for the 2007 wetting up period is shown on the graph of
Fig. 4. Two points were rejected (triangles). The reason was that they seem to represent
limited source conditions in the sediment mobilization.
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Figure 4. Relationship between sediment yield and rainstorm amount measured data for
individual events on the plot.
8.

CONCLUSIONS

Rainfall patterns on semiarid Brazilian region are dominated by high interannual variability
and convective thunderstorms of high intensity. As other semiarid regions, a strong
vulnerability to erosion processes may result in land degradation, desertification and
reservoir siltation, causing social and economic consequences. These processes are strongly
induced by human activities, such as inadequate grazing and deforestation. This study
aimed to analyze runoff and soil erosion processes by using monitored data obtained during
the 2006-2007 wetting up period on an upland undisturbed plot established in Brazilian
semi arid region. Both continuous field survey and monitored data confirmed that
vegetation cover is the major control on erosion process due to the influence on soil
properties and soil infiltration process. It was observed that seed germination, annual
vegetation replenishment and faunal activity influenced runoff and sediment production in a
positive feedback. On the beginning of the rainy season, sediment and organic matter were
transported by a sequence of rainfall events on degraded soil surface. Although the
importance of such processes, they didn’t seem to affect vegetative regeneration on the plot.
Indeed, vegetative patterns of annual specie communities seemed to be controlled by a
feedback relationship. Observed hydrographs demonstrated interdependency between
rainfall sequences, antecedent soil wetness, vegetation patterns and runoff-erosion
mechanisms. Runoff coefficients less than 0.1 occurred at approximately 82 per cent of the
observed events. Obtained results highlight the role of vegetative species dynamics in a
positive feedback with soil properties and faunal activity in Brazilian semiarid region.
Finally, an empirical relationship between short-term sediment production and rainstorm
amount measured data for individual events on the plot showed an increasing trend.
9.
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